Laccases are copper-containing oxidases that are involved in sclerotization of the cuticle of mosquitoes and other insects. Oxidation of exogenous compounds by insect laccases may have the potential to produce reactive species toxic to insects. We investigated two classes of substituted phenolic compounds, halogenated di-and trihydroxybenzenes and substituted di-tertbutylphenols, on redox potential, oxidation by laccase and effects on mosquito larval growth.
healing, and biosensors [1] . Substituted o-, m-, and p-phenols, polyphenols, and aromatic amines and N-hydroxamates are oxidized by laccases with a concomitant reduction of oxygen to water [2] [3] [4] [5] [6] [7] . The involvement of laccases in cuticle sclerotization or tanning is essential to insect survival [8, 9] . Laccase inhibitors are limited and few useful organic compounds have been found [10] [11] [12] . Our studies aimed at identifying laccase substrates that would be oxidized to produce compounds potentially toxic to mosquito larvae, through covalent modification of laccase [13, 14] or other molecular targets within the insect, pursued two approaches: (1) production of methine quinone intermediates for covalent linkage to nucleophilic protein moieties, represented by class 1 compounds in Figure 1 , and (2) formation of phenoxy free radical intermediates in the laccase active site, represented by class 2 compounds in Figure 1 .
These two approaches led us to synthesize these two classes of substituted phenolic compounds ( Figure 1 ) and to study their oxidation by laccase, redox potentials and antilarval activities. The phenolic compounds are laccase substrates and do not appear to inhibit laccase, however, several class 2 compounds possess potent antilarval activity. The results may shed light onto future design of environmentally compatible laccase substrates and mosquito larvicides.
[ Figure 1 ]
II. Results and Discussion.
Our initial plan was to position a leaving group such as bromine or chlorine into phenolic 5-chloro-6-methoxybenzene-1,3-diol (6) possessing meta-dihydroxy functions should not produce quinone. o-Aminophenols, such as compounds 7 and 8, were investigated since the resulting iminoquinones could be more reactive than the quinone analogs and may complex with the copper in the laccase binding site (T1 site) [13, 14] .
[ Figure 2 ]
Since substituted di-tert-butyl phenols including MON-0585 ( Figure 1 ) were implicated as insect growth regulators [15] [16] [17] , and they can be oxidized by Co(II)-Schiff base complex and oxygen to produce 4-substituted 2,6-di-tert-butyl-6-hydroperoxy-2,4-cyclohexadienones [18, 19] , we therefore envision that substituted di-tert-butylphenols may undergo oxidation with laccase catalyzed by coppers and oxygen in the active site to provide di-tert-butyl-hydroperoxy-2,4-cyclohexadienones that are toxic to insects through their reaction with endogenous nucleophiles.
Hence, class 2 compounds including di-tert-butylphenols 9 -15 were synthesized and their redox potentials, oxidation by laccase, and anti-larval activities determined. MON-0585, 2,6-di-tertbutyl-4-(,-dimethylbenzyl)phenol, reported by Monsanto Co. [16] , was prepared and used as a control.
II.1. Synthesis.
In our reported total synthesis of (+)-chloropuupehenone [20] , chlorinated phenols such as compounds 2 and 3 were prepared from vanillin. Utilizing these two chlorinated phenolic compounds, class 1 compounds, 1 and 4 -6, were synthesized via a sequence of protection, Baeyer-Villiger oxidation, regioselective bromination, and deprotection reactions. Compounds 7 and 8 were readily available from the reduction of 4-hydroxy-3-nitrobenzaldehyde (31) . pDihydroxybenzene 1 was synthesized from 3-chlorovanillin (2) by a sequence of reactions depicted in Scheme 1: (i) protection of C4-hydroxyl function with t-butyldimethylsilyl chloride;
(ii) Baeyer-Villiger oxidation [21] of the aldehyde function with m-chloroperbenzoic acid reported previously [20] . Compound 16 likely derived from a hydrolytic cleavage of the silyl ether function of 21 from HBr generated through NBS and the phenol and/or a trace amount of water presence in the reaction mixture followed by oxidation to the quinone. The infrared spectrum of quinone 16 does not display hydroxyl absorption, but quinone stretch at 1683 cm -1 , and the spectrum of dihydroquinone 1 shows strong hydroxyl absorption at 3303 cm -1 .
Desilylation of compound 21 with tetra-n-butylammonium fluoride gave quinone 16. Oxidation of dihydroquinone to benzoquinone under the NBS reaction conditions has been reported [22] , however, oxidation under tetra-n-butylammonium fluoride reaction conditions is unexpected.
The t-butyldimethylsilyl and two benzyl protecting groups of compound 22 [20] were readily removed by a sequential treatment with tetra-n-butylammonium fluoride and hydrogenpalladium/carbon to give triol 4 in a 72% overall yield. Triol 4 is soluble in water and readily oxidized in air to give the corresponding quinone, which gradually decomposes to produce black solids. Hence, the compound is stored in a dry box under nitrogen atmosphere.
[Scheme 1]
o-Dihydroxybenzene 5 was readily synthesized from compound 24 [20] by methylation of the phenolic hydroxyl moiety with trimethyloxonium tetrafluoroborate followed by desilylation with tetra-n-butylammonium fluoride (Scheme 2). o-Aminophenols 7 [23] and 8 [24] were readily prepared from the reduction of both nitro Various halogenated polyphenols and substituted aminophenols were synthesized starting from 3-chlorovanilin (2) and 4-hydroxy-3-nitrobenzaldehyde (31), respectively. The reaction sequences are simple and should be applicable to the synthesis of various substituted polyphenols.
[Scheme 3]
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The synthesis of class 2 compounds mainly utilized Friedel-Crafts reaction of di-tertbutylphenols. Following the reported procedure [25] , compounds 9 and 10 were prepared by an acylation reaction of 2,6-di-t-butylphenol with isobutyryl chloride and aluminum chloride followed by bromination with cupric bromide in dichloromethane and ethyl acetate (to give compound 9), and reduction with lithium aluminum hydride in ether (to produce compound 10).
Oxidation of alcohol 10 with o-iodoxybenzoic acid (IBX) in DMSO afforded aldehyde 11, further oxidation with silver nitrate and sodium hydroxide gave acid 12 [19] (Scheme 4).
Treatment of aldehyde 11 with hydroxylamine produced oxime 13, and a reductive amination reaction of 11 with benzylamine followed by sodium cyanoborohydride furnished amine 14. 
II.2. Redox potentials and laccase activities.
Dopamine, N-acetyldopamine (NADA) and related catecholamines are oxidized by laccase in insects during sclerotization and pigmentation of cuticle [27, 28] . Insects with decreased laccase function develop serious cuticle defects and die; 29 therefore, an inhibitor of laccases might function as a novel type of insecticide. Alternatively, oxidation of phenolic compounds by laccase may produce compounds that are toxic to insects through their reaction 9 with nucleophilic groups in proteins. As vertebrate animals possess tyrosinase (or monophenol monooxygenase) [30, 31] , compounds that are selectively oxidized by laccase but not tyrosinase may serve as pro-insecticides. Selective laccase inhibitors or substrates generating toxic oxidized products might have useful properties of toxicity to insects but not vertebrates. An electrochemical study based on cyclic voltammetry (CV) was carried out to understand the inherent redox properties of the substrates. We tested compounds 1 -8, 34, and 35 for evidence of irreversible inhibition of fungal laccase but did not observe inhibition (data not shown).
However, these compounds were oxidized by laccase (vide infra).
Various known laccase substrates such as hydroquinone, catechol, 2-aminophenol, 1,2-phenylenediamine, 2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 3-amino-4-hydroxybenzoic acid (34), 4-amino-3-hydroxybenzoic acid (35) , and our synthesized materials, compounds 1 -15, 18, 33, and MON-0585 were studied for their redox potentials (Table S1 ) and ability to be oxidized by fungal laccase (Table 1) .
Most compounds present some redox properties as listed in Table S1 . Interestingly, even though the CV features varied dramatically, the main oxidation potential of the substrates showed a good correlation with the laccase activity. Besides the oxidation potential, these compounds also showed different electrochemical oxidation/reduction reversibility which is indicated by the separation between the peak potentials of the oxidation and reduction waves in CV, i.e. E p [32] . In general, we divided the compounds into four groups shown in Figures It is noted that compounds 9 -15, 18, and 33 are the most water-insoluble materials.
This causes unreliable CV measurements in aqueous PBS buffer solution containing 20% ethanol as reported in this study. They either present high oxidation potentials (> 0.68 V) or do not show oxidation waves within the applicable potential range in aqueous solution (with an upper limit at ~ + 0.8 to 1.2 V in most experiments). These compounds likely absorb into larvae and produce larvae-killing activity (vide infra).
To determine how well fungal laccase can oxidize the water soluble compounds, we determined the kinetic constants of fungal laccase using compounds 1 -8, 34, and 35 along with known laccase substrates such as hydroquinone, catechol, 2-aminophenol, 1,2-phenylenediamine, and ABTS [33] . Results are summarized in Table 1 . The known laccase substrates serve as positive controls and for comparison. A relationship between catalytic efficiency (k cat /K m ) and redox potential is depicted in Figure 3 .
[ Table 1 ]
As shown in Figure 3 , there is an inverse correlation between laccase catalytic efficiency and oxidation potential of the water-soluble compounds 1 -8, 34, 35, ABTS, 2-aminophenol, catechol, hydroquinone, and 1,2-phenylenediamine. These results are consistent with previous studies [37] [38] [39] . These compounds show either nearly reversible or quasi-reversible redox properties except 1,2-phenylenediamine. The lower the peak potential for oxidation (i.e. E pa1 in Table S1 ), the higher the laccase activity is. 1,2-Phenylenediamine shows a very high oxidation potential and thus gives the lowest laccase activity. However, no clear correlation was found between the electrochemical reaction rate and reversibility of the compounds, both of which are reflected by the peak separation redox waves (i.e. E p = E pa -E pc ). Compounds 9 -15, 33, and MON-0585 are insoluble in water, and their oxidation by laccase could not be detected.
[ Figure 3] II.3. Anti-mosquito larval activities.
Since laccases oxidize phenolic compounds in their function in insect cuticle sclerotization [9] , we investigated potential anti-mosquito larval activities of laccase substrates such as compound 4 and dihydroquinone, di-t-butylphenols such as compounds 9 -15, compound 18, and 33. MON-0585 was used as a positive control. Table 2 summarizes toxicities of substituted phenols to third-instar larvae of Anopheles gambiae in a three-day bioassay. The water-soluble samples such as dihydroquinone and triol 4 were dissolved in water and used, while other water-insoluble materials were dissolved in DMSO and used for the treatment of mosquito larvae in aqueous solution. Laccase substrates such as dihydroquinone and compound
III. Conclusion.
Oxidation of phenols by laccases led us to synthesize various phenolic compounds containing hydroxyl, halide, aldehyde, amino, and di-tert-butyl moieties. The redox potential, laccase activity, and antilarval activity were investigated. Phenolic compounds containing hydroxyl, halide, aldehyde, and amino functions were found to be laccase substrates but not inhibitors. The redox potentials and laccase activities of various phenolic compounds were correlated. It was found that a decrease of oxidation potential leads to higher laccase activity. A number of di-tert-butylphenolic compounds such as compounds 13, 15 and 33 were found to have potent anti-larval activity. Their mechanism of action appears to be different from that of MON-0585 and remains to be investigated.
Experimental Section.
General Methods. Nuclear magnetic resonance spectra were obtained at 400 MHz for 1 H and 100 MHz for 13 C in deuteriochloroform, unless otherwise indicated, and reported in ppm. short silica gel column to give 0.14 g (82% yield) of carboxylic acid 12 [19] . IR (neat)  3200 Cyclic voltammetry. Cyclic voltammetric experiments [8, 27] were carried out with a threeelectrode setup as described in General Methods. The glassy carbon electrode was polished with an alumina paste on a clean microcloth prior to the experiment. The electrochemical studies were performed in a 20% ethanol aqueous PBS buffer solution, and a concentration of 10 mM of the substrate was used. Ethanol is needed to dissolve some of the substrates. Experiments at pH 7.0 and 5.5 (acetic acid was added to adjust the pH to 5.5) were conducted. The solution was 25 deoxygenated with nitrogen prior to the addition of the substrate. Cyclic voltammetric experiments for each substrate were carried out in triplicate and consistent results were obtained.
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Laccase assays.
Laccase purified from the fungus Trametes versicolor was purchased from Sigma (product #53739). Laccase was dissolved in 50 mM ammonium acetate (pH 5), 50% glycerol, and was stored at -20C. We used peptide mass fingerprinting to determine that the most abundant protein in the laccase preparation was T. versicolor laccase IIIb, a 53 kDa enzyme (accession number AAL93622, data not shown). Product literature from Sigma stated that laccase was 10% of the total protein content. This was used to calculate the laccase concentration for determination of k cat values. The most abundant protein was laccase, which was confirmed by peptide mapping.
Extinction coefficients for the oxidized products of compounds 1, 3 -8, 34, and 35 were estimated by fully oxidizing 100 M compound with 25 ng laccase, using a spectrophotometer to measure absorbance of the product at a particular wavelength (see Table 1 ), and converting the units to M -1 •cm -1 .
Enzymatic reactions used to determine kinetic constants contained 0.58 nM laccase plus various concentrations of substrate in 100 mM sodium citrate, pH 5, in a volume of 200 L. The substrate concentrations used were typically 0.01, 0.02, 0.1, 0.2, 0.4, 0.6, 1, 2, and 4 mM. A spectrophotometer was used to monitor product formation (using wavelengths listed in Table 1 ). [41] with modifications [42, 43] .
Bioassay of Chemicals.
The toxicities of the chemicals were screened using third-instar mosquito larvae at 25 o C as described [43] . After a group of 12-15 larvae was transferred into a glass beaker containing 99.5 mL of distilled water and 0.5 mL of larval food [41] , the stock solution of each chemical was added to the beaker to obtain final concentrations of 50 or 1000 µg/L. Each bioassay also included controls under the same conditions except that the same volume of acetone or water depending on the solvent used to dissolve the chemical was added to each beaker. All the treatments and controls were repeated four times and larval mortalities were assessed at 72 h. 
Legends
